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ABSTRACT
Land surface processes play an important role in the West African monsoon variability. In addition, the
evolution of hydrological systems in this region, and particularly the increase of surface water and runoff
coefficients observed since the 1950s, has had a strong impact on water resources and on the occurrence of
floods events. This study addresses results from phase 2 of the African MonsoonMultidisciplinary Analysis
(AMMA) Land Surface Model Intercomparison Project (ALMIP2), carried out to evaluate the capability
of different state-of-the-art land surface models to reproduce surface processes at the mesoscale. Evalua-
tion of runoff and water fluxes over the Mali site is carried out through comparison with runoff estimations
over endorheic watersheds as well as evapotranspiration (ET) measurements. Three remote-sensing-based
ET products [ALEXI, MODIS, and Global Land Evaporation Amsterdam Model (GLEAM)] are also
analyzed. It is found that, over deep sandy soils, surface runoff is generally overestimated, but the ALMIP2
multimodel mean reproduces in situ measurements of ET and water stress events rather well. However,
ALMIP2 models are generally unable to distinguish among the two contrasted hydrological systems typical
of the study area. Employing as input a soil map that explicitly represents shallow soils improves the
representation of water fluxes for the models that can account for their representation. Shallow soils are
shown to be also quite challenging for remote-sensing-based ET products, even if their effect on evapo-
rative loss was captured by the diagnostic thermal-based ALEXI. A better representation of these soils, in
soil databases, model parameterizations, and remote sensing algorithms, is fundamental to improve the
estimation of water fluxes in this part of the Sahel.
1. Introduction
Land surface processes play an important role in modu-
lating the variability of the monsoon in West Africa, par-
ticularly in the Sahel. This region, characterized by a strong
sensitivity to soil moisture and a large temporal vari-
ability in evapotranspiration, can be considered as a hot
spot for land–atmosphere coupling (Zeng et al. 1999;
Koster et al. 2004; Taylor et al. 2011a;Maurer et al. 2015).
Land surface processes occurring at the mesoscale are
particularly important in this context. Soil moisture
heterogeneity at about the 10–40-km scale has been
shown to have a significant impact on the initiation of
convective storms in the Sahel (Taylor et al. 2011b,
2012), and heterogeneity in soil moisture and land cover
regulates the spatial structure of surface fluxes (Kahan
h Please see the appendix for the full list of working group
members.
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et al. 2006; Lauwaet et al. 2008; Timouk et al. 2009). In
particular, land cover modulates the surface response to
rainfall events that has been shown to be significantly
different over forest, grassland, and barren or sparsely
vegetated soil (Lohou et al. 2014; De Kauwe et al. 2013).
Accordingly, Garcia-Carreras et al. (2010) showed that
heterogeneous land surfaces create temperature differ-
ences that impact mesoscale winds and convection.
The organization of runoff systems and the evolution of
surfacewater in the Sahel have receivedmuch attention in
recent years. On the one hand, the observed increase in
river discharge (Mahe et al. 2003, 2005; Descroix et al.
2009; Amogu et al. 2010) is responsible for a re-
crudescence of major flood events (Descroix et al. 2012;
Sighomnou et al. 2013; Cassé et al. 2016; Mamadou et al.
2015), which have dramatic impacts on the population.On
the other hand, a general increase of water amount in
ponds, which constitute a fundamental water resource in a
region where the dry season lasts about 8–9 months, has
been observed in different Sahelian areas over the last 50
years (Favreau et al. 2009; Gardelle et al. 2010; Gal et al.
2016). This had an important and beneficial effect for the
population living in this area: for example, the Agoufou
Lake becoming permanent after the 1990s allowed the
installation of a village nearby.
This increase in river discharge, runoff, and surface
water is in apparent contradiction with the evolution of
precipitation, marked by a long drought period that
lasted more than 30 years. A significant modification of
the surface hydrology related to land-cover changes as
well as soil erosion seems to be responsible for this
paradoxical situation (Favreau et al. 2009; Descroix
et al. 2012; Dardel et al. 2014; Kergoat et al. 2015), the
key process being runoff and its relationships with soil
properties and vegetation. Yet, the phenomena involved
are not completely quantified and questions remain
open as to the future evolution of these systems.
Better understanding and modeling of the spatial and
temporal variability of surface processes and, particu-
larly, of the different component of the continental water
cycle at the mesoscale is therefore necessary to 1) im-
prove the representation of the coupled land–atmosphere
system and the West African monsoon in general circu-
lation models and 2) predict the seasonal and interannual
dynamics of surface water and flood events in this region
and the long-term evolution of runoff systems under cli-
mate and environmental changes.
Phase one of the African Monsoon Multidisciplinary
Analysis (AMMA) Land Surface Model Intercompari-
son Project (ALMIP1) allowed the analysis of water and
energy budgets by general land surface models (LSMs)
overWestAfrica at the regional scale (Boone et al. 2009).
Evaluation of the model performances has been a
challenging task given the scarcity of validation data at
this scale (models were run at a spatial resolution of 0.58
over the whole West African region) and estimations
derived from remote sensing have been usually used as
proxies for observations. De Rosnay et al. (2008) coupled
ALMIP outputs to a radiative transfer model to calculate
brightness temperatures that could be compared to
AMSR-E observations. Grippa et al. (2011) analyzed
water storage variations derived fromGRACE showing a
good agreement with the interannual variability of soil
moisture of the ALMIP multimodel, despite large in-
termodal differences. Lohou et al. (2014) analyzed the
evaporative fraction after rain events over aWest African
bioclimatic gradient, pointing out that ALMIP models
performed well over vegetated surfaces but that bare soil
evaporation needed to be improved.
Nonetheless, a complete evaluation of the different
components of the water balance by the ALMIP models,
which requires analyzing processes at more detailed
spatial and temporal resolution, has not been carried out
and few studies explicitly addressed the mesoscale. An
exception is the work by DeKauwe et al. (2013), who ran
the JULES model using ALMIP forcing with improved
resolution to address the variability of land surface tem-
perature over theMali andNiger sites. They found a good
match between modeled land surface temperatures and
observations when vegetation cover is well specified but a
poor sensitivity to the spatial variability in soil properties
in their model, which was attributed to an unrealistically
high level of soil water availability.
More detailed evaluations, based on comparison with
in situ data, have been carried out for some models at
the local scale (Xue and Shukla 1996; Kahan et al. 2006;
Saux-Picart et al. 2009a; Ridler et al. 2012; Velluet et al.
2014). In general, these models have been calibrated ad
hoc for the local site under analysis, which improves
their performance but makes it difficult to extend their
application to other sites (e.g., with different soil and
vegetation characteristics).
Land surface models, often coupled to a river routing
scheme, have also been employed to simulate runoff and
river discharges over different West African basins with
some success [see, e.g., the review by Roudier et al. (2014),
as well as Gedney et al. (2000), Li et al. (2005, 2007),
d’Orgeval et al. (2008), Decharme et al. (2009), Marshall
et al. (2012), and Getirana et al. (2014)], including floods of
the Niger River (Pedinotti et al. 2012; Cassé et al. 2016).
However, the main processes for runoff generation in
semiarid regions, such as losses in the drainage network,
reinfiltration, and evaporation of surface runoff and in-
terception, are not explicitly represented in most land sur-
face and hydrological models: among the 5 land surface
models and 11 hydrological models reviewed by
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Trambauer et al. (2013), only 1 LSM and 4 hydrological
models were selected as suitable for drought forecasting in
West Africa. Moreover, Sahelian runoff has not been ex-
plicitly evaluated over endorheic areas (i.e., not contributing
to runoff to theocean),which cover a large part of theSahel.
This study addresses results from phase two of the
ALMIP (ALMIP2; www.cnrm.meteo.fr/amma-moana/
amma_surf/almip/index.html), carried out to evaluate
the capability of different state-of-the-art land surface
models to reproduce surface processes at the mesoscale.
Simulations have been performed over an ecoclimatic
gradient with three mesoscale sites in Benin, Niger, and
Mali that have been well instrumented by the AMMA–
Coupling the Tropical Atmosphere and the Hydrologi-
cal Cycle (AMMA-CATCH) observatory (Lebel et al.
2009). This allows the derivation of specific data for both
forcing the models and evaluating the simulations.
Model intercomparison and evaluation over the north-
ernmost site in Mali, situated in the central Sahel, are in-
vestigated here. Themain objectives of this work, focused on
runoff and water fluxes at the mesoscale, are the following:
d to assess the ability of land surface models to re-
produce water fluxes over contrasted soil types (the
impact of the soil description used as input to the
LSMs is also specifically investigated);
d to evaluate the LSMs’ ability to represent surface
hydrology in endorheic areas and particularly surface
runoff into Sahelian ponds, an important water re-
source for the population living in this region; and
d to evaluate evapotranspiration simulated by LSMs as
well as by some remote-sensing-based products and
compare it to eddy covariance measurements.
Throughout this paper, the water balance components
are named as follows: runoff indicates surface runoff;
drainage indicates subsurface runoff; total runoff is the
sum of drainage and surface runoff; evaporation is the
sum of evaporation from bare soil, ponds, and the veg-
etation canopy; transpiration indicates vegetation tran-
spiration; and ET indicates total evapotranspiration
from the soil and the canopy.
2. Study area, material, and methods
a. Study area
The Mali mesoscale site for ALMIP2 is located in the
Gourma region (Fig. 1; Mougin et al. 2009). The climate
is typical of the central Sahel, with average annual pre-
cipitation of 375mm concentrated during the rainy
season (mainly from July to September). Rainfall is of
convective origin, and pure convective rainfall events
(with rates higher than 12mmh21) correspond to about
40% of total rainfall (Frappart et al. 2009). Average
annual temperature is about 308C.
FIG. 1. (left) Mesoscale and (right) local sites for the ALMIP2 simulations over Mali. At left, dashed lines
indicate the ALMIP2 grid. The Agoufou watershed, including subwatersheds, is outlined in blue. The back-
ground image is a false composite from Landsat, showing shallow soils (top right; site 40) in violet and white and
sandy dunes covered by herbaceous vegetation during the rainy season in green (bottom right; site 17).
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Themesoscale site is characterized by three main soil
categories, which are well depicted by the background
image in Fig. 1: deep sandy soils over which an herba-
ceous layer develops during the wet season (greenish
areas, local site 17); shallow soils composed of rocky
outcrops, iron pans, and shallow sands or silt sheets
(violet and white areas, local site 40); and fine-textured
soils, including temporary flooded lowlands that favor
the development of a dense tree cover (dark areas).
Sandy soils (fixed sand dunes) are found throughout
the whole Sahel and many semiarid areas and rocky
outcrops and iron pans, sometimes topped by shallow
sand sheets, are common features of erosion surfaces in
the Sahel as well. The silt layer is more typical of this
region of Mali, but its hydrological behavior (high
runoff coefficient) is close to the behavior of the crus-
ted loamy sands that are also found throughout the
Sahel (Casenave and Valentin 1992). Fine-textured
alluvial soils are also widespread in the lowlands of
the Sahel and other semiarid areas.
Vegetation comprises a herbaceous layer almost ex-
clusively composed of annual plants, among which
grasses dominate, as well as scattered bushes, shrubs,
and low trees, commonly found in the central and
northern Sahel (Hiernaux and Le Houérou 2006).
Although the Gourma is globally endorheic and does
not contribute water to, nor receive water from, the
Niger River, two different hydrological systems co-
exist. Over deep sandy soils, the hydrological system
operates at short distances from dune slopes to inter-
dune depressions, typically over a few hundred meters
at most, not exceeding the ALMIP2 grid of 0.058 (an
example is the Z area, standing for zero runoff area,
identified by the yellow contours in Fig. 1). Over the
shallow soils, endorheic systems operate over much larger
distances with concentrated runoff that feeds ponds,
such as the case of the Agoufou watershed (outlined in
blue in Fig. 1).
b. Forcing data
The Mali mesoscale simulations were performed over
the region 158–15.78N, 1.908–1.208E (Fig. 1), named the
mesosite hereafter, with a 0.058 grid (for a total of 14 3
14 grid points) and a time step of 30min over the 2006–
08 period.
The forcing precipitation fields (Fig. 2) were derived
from rain gauge data over the observational network
using Thiessen interpolation (Vischel et al. 2009).
Annual total precipitation over the mesosite was close
to the long-term average in 2006 and 2007 (377 and
366mm, respectively) and below average (294mm) in
2008, which was a rather dry year in the Gourma re-
gion. Spatial distributions follow the latitudinal gra-
dient, with more abundant rainfall to the south of the
study area in 2006 and 2007 but not in 2008, which was
marked by a clear west–east contrast. The other me-
teorological forcing variables were derived from
ECMWF deterministic forecasts and the downwelling
longwave and shortwave radiative fluxes are from the
Land Surface Analysis Satellite Applications Facility
(LSA SAF) project (Trigo et al. 2011).
The default input soil and vegetation parameters
for the ALMIP2 experiment are derived from the
ECOCLIMAP2 Africa database (Kaptué Tchuenté
et al. 2011), which takes into account interannual
variability of the vegetation parameters [leaf area in-
dex (LAI)] over West Africa. The soil data are based
on the Harmonized World Soil Database (HWSD;
FIG. 2. Annual precipitation used as forcing for the ALMIP2 models employed in this study (Thiessen
interpolation of in situ rain gauge observations).
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10-km spatial resolution) and includes soil textures
along with soil depth. The fraction of different land-
cover types, including rock outcrops, in each grid cell is
also provided by ECOCLIMAP2 (Fig. 3, top).
Given the importance of shallow and rocky soils
to the ecohydrological functioning of the Gourma
region, a specific soil map, which includes shallow soils
and coarse-textured soils, was also made available to
the ALMIP2 participants for the Mali site. This map
was derived by supervised classification of Landsat
images at 30-m spatial resolution, which allowed the
identification of different classes based on the soil
spectral properties. The corresponding soil texture
(coarse and fine fraction, the latter separated into
clay, loam, and sand) and depth was assigned to each
spectral class based on field knowledge. Finally, eight
new classes, characterized by the same soil textures
and depths, were defined (Table 1), and the dominant
class in each ALMIP2 grid was selected (Fig. 3, bot-
tom). In addition to the coarse-texture soil informa-
tion, which is not available in the ECOCLIMAP2
database (although indirect information can be de-
rived from the land-cover maps and particularly the
rock outcrop fraction), the alternative soil map spans a
FIG. 3. Soil maps used for the ALMIP2 simulations over the Mali site. (top) Rocks fraction, soil texture, and depth from the
ECOCLIMAP2 dataset. (bottom) Soil types, soil texture, and depth from the specific soil classification developed for this study. Plus
signs indicate the position of sites 17 and 40.
TABLE 1. Specific soil type. Soil classes derived by classification of Landsat images and associated soil textures.
ID Class name
Coarse texture (%) Fine texture (%)
Depth (cm)Rock Gravel Fine Sand Loam Clay
1 Rocky outcrop and iron pan 100 0 0 0 0 0 0
2 Loamy soil 10 10 80 55 30 15 50
3 Shallow sand 0 0 100 85 10 5 30
4 Dune 0 0 100 90 6 4 .300
5 Interdune 0 0 100 85 10 5 .300
6 Shallow soil on sandstone 30 30 40 75 15 10 20
7 Surface water 0 0 100 35 25 40 .150
8 Clayed soil 0 0 100 35 20 45 .150
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TABLE 2. ALMIP2models employed in this study (in the hydrological description, SAT stands for saturation excess runoff, INF stands for
infiltration excess or Hortonian runoff, and SL stands for soil layers).
Model name
Institute and
recent references Soil input maps
Vegetation
input maps
Hydrological description
(runoff generation, soil
description, water
redistribution)
CLASSa Climate Research Division,
Environment and Climate
Change Canada, Toronto,
Canada (Verseghy 1991)
ECOCLIMAP2 ECOCLIMAP2 SAT 1 INF;
3 SL (10–375 cm)
CLM_CLM4b Department of Atmospheric
Sciences, National Taiwan
University, Taipei, Taiwan
(Lawrence et al. 2011)
CLM4 parameters
(from IGBP)
Intrinsic parameters
(from MODIS)
SAT 1 INF; 10 SL
(1.75–150 cm) 1 aquifer
TOPMODEL approach
CLM_ECOV2c As in CLM_CLM4 ECOCLIMAP2 Intrinsic parameters As in CLM_CLM4
CLM_CNd As in CLM_CLM4 ECOCLIMAP2 Intrinsic parameters,
dynamic LAI
As in CLM_CLM4
CLSMe METIS,f Paris, France
(Koster et al. 2000)
ECOCLIMAP2
and specific
soil map
ECOCLIMAP2 SAT 1 INF; 3 SL
(20–300 cm);
TOPMODEL approach
CLSM-NASA GMAO, NASA GSFC,
Greenbelt, MD
(Koster et al. 2000)
ECOCLIMAP2 ECOCLIMAP2 As in CLSM
HTESSELg ECMWF, Reading,
United Kingdom
(Balsamo et al. 2011)
NWP parameters Default maps as
used by the ECMWF
operational NWP
SAT 1 INF; 4 SL
(7–289 cm); variable
infiltration using
orography variability
and moisture in the
first 50 cm depth
CTESSELh ECMWF, Reading,
United Kingdom
(Boussetta et al. 2013)
NWP parameters Default maps as
used by the ECMWF
operational NWP
coupled water–
carbon cycle
As in HTESSEL
ISBAi CRNM-GAME, Toulouse,
France (Noilhan and
Mahfouf 1996)
ECOCLIMAP2
and specific
soil map
ECOCLIMAP2 SAT; 3 SL (20–195 cm)
JULESj CEH,k Wallingford,
UK (Best et al. 2011;
Clark et al. 2011)
ECOCLIMAP2 ECOCLIMAP2 SAT 1 INF; 4 SL
(10–200 cm)
LISMosaicl GMAO, NASA GSFC,
Greenbelt, MD
(Koster and Suarez 1992)
ECOCLIMAP2 ECOCLIMAP2 SAT; 3 SL (2–200 cm)
LISNoah33m GMAO, NASA GSFC,
Greenbelt, MD
(Decharme et al. 2009)
ECOCLIMAP2 ECOCLIMAP2 SAT; 4 SL (5–450 cm);
TOPMODEL approach
MATSIROn Institute of Industrial
Science, University
of Tokyo, Japan
(Takata et al. 2003)
ECOCLIMAP2 ECOCLIMAP2 SAT; 6 SL (5–1000 cm);
TOPMODEL approach
ORCHIDEE_dyno LSCE,p Gif-sur-Yvette,
France (d’Orgeval et al.
2008)
Zobler 1
ECOCLIMAP2
ECOCLIMAP2
dynamic LAI
SAT 1 INF; 11 SL
(0.1–200 cm)
ORCHIDEE_fq LMD,r Paris, France
(d’Orgeval et al. 2008)
ECOCLIMAP2
and specific
soil map
ECOCLIMAP2 SAT 1 INF; 11 SL
(0.1–200 cm)
SETHYSs LSCE, Gif-sur-Yvette,
France (Saux-Picart
et al. 2009b)
ECOCLIMAP2 ECOCLIMAP2 SAT 1 INF; 2 SL
(1–200 cm) 1 dry
mulch layer
SiBUCt RIKENu Advanced
Institute for
Computational
Science, Kobe, Japan
ECOCLIMAP2
and specific
soil map
ECOCLIMAP2 SAT 1 INF; 3 SL
(2–195 cm); topography
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larger range in soil depth (from 0cm shallow soils to over
300 cm for deep sandy soils), than does ECOCLIMAP2,
where soil depth ranges from 20 to 150 cm.
c. Evaluation data
The evaluation of water fluxes at the mesoscale is car-
ried out by comparing ALMIP2 results to runoff over the
Agoufou watershed, to evapotranspiration (ET) products
derived by remote sensing and/or modeling approaches
over the full mesoscale site, and to in situ ET measure-
ments at local sites 17 and 40 as described below.
1) RUNOFF OVER THE AGOUFOU WATERSHED
A proxy for runoff over the Agoufou watershed was
derived by estimating the water supply to the Agoufou
pond, the outlet of the Agoufou watershed, which is fed
by surface runoff only (Gal et al. 2016). First, in situ
water height measurements at the Agoufou pond were
coupled to remote sensing estimations of the pond sur-
face area, obtained by supervised classification of
Landsat images, to estimate the pond volume. Then,
water supply to the Agoufou pond was estimated by
solving a water balance equation that combines pond
volume changes with estimates of daily open water
evaporation and precipitation on the pond. Annual
runoff coefficients over the watershedwere calculated as
the ratio of the derived annual runoff to rainfall over the
entire watershed. The main uncertainties on the water
inflow derived in this way come from uncertainties in the
estimation of 1) the pond’s volume and 2) the evapo-
ration from open water and range within 610% [for
more details refer to Gal et al. (2016)].
TABLE 2. (Continued)
Model name
Institute and
recent references Soil input maps
Vegetation
input maps
Hydrological description
(runoff generation, soil
description, water
redistribution)
SPONSORv Institute of Geography,
Russian Academy of
Sciences, Moscow, Russia
(Shmakin 1998)
ECOCLIMAP2 ECOCLIMAP2 SAT 1 INF; 7 SL
(10–120 cm);
topography
STEPw Géosciences Environnement
Toulouse (GET),
Toulouse, France (Pierre
et al. 2016)
ECOCLIMAP2
and specific
soil map
Dynamic LAI SAT 1 INF (only for
coarse and loamy soils);
4 SL (2–300 cm)
SWAP Institute of Water Problems,
Moscow, Russia
(Nasonova et al. 2015)
ECOCLIMAP2 ECOCLIMAP2 SAT 1 INF; 2 SL (20–
170 cm) 1 uppermost
drying layer 1 ground-
water layer
a CLASS stands for the Canadian Land Surface Scheme.
b CLM stands for the Community Land Model.
c _ECOV2 stands for ECOCLIMAP2, version 2.
d _CN represents carbon (C) and nitrogen (N).
e CLSM stands for the Catchment LSM.
f METIS stands for Milieux Environnementaux, Transferts et Interactions dans les hydrosystèmes et les Sols.
g HTESSEL stands for the Hydrology Tiled ECMWF Scheme of Surface Exchanges over Land.
h CTESSEL stands for the Carbon Tiled ECMWF Scheme of Surface Exchanges over Land.
i ISBA stands for Interactions between Soil, Biosphere, and Atmosphere.
j JULES stands for the Joint UK Land Environment Simulator.
k CEH stands for the Centre for Ecology and Hydrology.
l LISMosaic stands for Mosaic with Land Information System.
m LISNoah33 stands for Noah with Land Information System.
nMATSIRO stands for the Minimal Advanced Treatments of Surface Interaction and Runoff model.
o ORCHIDEE_dyn stands for Organizing Carbon and Hydrology in Dynamic Ecosystems (ORCHIDEE) with dynamic vegetation.
p LSCE stands for the Laboratoire des Sciences du Climat et de l’Environnement.
q ORCHIDEE_f stands for ORCHIDEE with forced vegetation.
r LMD stands for the Laboratoire de Météorologie Dynamique.
s SETHYS stands for Suivi de l’Etat Hydrique des Sols.
t SIBUC stands for the Simple Biosphere Model including Urban Canopy.
u RIKEN stands for Rikagaku Kenkyusho.
v SPONSOR stands for the Semi-distributed Parameterization Scheme of the Orography-induced hydrology model.
w STEP stands for the Sahelian Transpiration Evaporation Productivity model.
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2) ET PRODUCTS DERIVED BY REMOTE SENSING
Three different ET products were considered for
comparison with the ALMIP2 results at the mesoscale.
The Atmosphere–Land Exchange Inverse model
(ALEXI) evapotranspiration product (Anderson et al.
2007, 2011) uses thermal infrared information by differ-
ent satellite sensors (geostationary plus polar orbiting
satellites) to estimate land surface temperature and
combines it with a land-cover map and a land surface
scheme to estimate ET. The product used here is based
on a version of ALEXI using MODIS-derived day–night
temperature differences, following the approach de-
scribed in Anderson et al. (2015). In this version of the
dataset, ET is reported as 7-day average values.
The MODIS ET product (MOD16) estimates ET
globally every day at 1km, using global surface meteorol-
ogy data to compute the atmospheric demand (potential
evaporation) combined with fraction of photosynthetically
active radiation (FPAR)/LAI data from MODIS and the
MODIS land-cover map (Mu et al. 2011).
The Global Land Evaporation Amsterdam Model
(GLEAM) product is based on a model approach that
calculates, at the daily base, the different evapo-
transpiration components, that is, interception loss,
bare soil evaporation, and transpiration, and takes
into account soil moisture stress (Miralles et al. 2011).
The precipitation forcing data for GLEAM are ob-
tained from remote sensing products and syntheses of
rain gauges, and information on the vegetation cover
fraction is derived fromMODIS. GLEAM is provided
at a spatial resolution of 0.258.
3) EVAPOTRANSPIRATION
In situ measurements of ET by eddy covariance are
also used to evaluate ALMIP2 results. Latent heat
fluxes were computed according to the eddy covariance
methodology using standardized routines as detailed in
Timouk et al. (2009). For 24-h averaged fluxes, accu-
racy on the order of 10Wm22 was estimated. The en-
ergy balance closure revealed a small imbalance
of25Wm22 during the dry season and 9Wm22 during
the wet season, with standard deviations equal to 14
and 14.6Wm22, respectively.
Site 17 is privileged among the three local eddy co-
variance sites because it is quite homogeneous at the
kilometric spatial scale (Garrigues et al. 2008) and is
well representative of the larger scale of the ALMIP2
0.058 grid, which makes the comparison meaningful. It
is composed of deep sandy soils (referred to as dune
and interdune soil types in Table 1) over which an
herbaceous vegetation layer develops during the wet
season. Some scattered trees and bushes are also
present in the tower fetch area, with a canopy cover
that accounts for about 3% of the area (see the site
photograph in Fig. 1).
Local measurements at this site have already been
employed to validate remote sensing products [evapo-
transpiration (Garcia et al. 2013), soil moisture at dif-
ferent scales (Baup et al. 2011; Fatras et al. 2012; Louvet
et al. 2015), LAI (Mougin et al. 2009), and albedo
(Samain et al. 2008)] andmodel outputs at themesoscale
(Lohou et al. 2014). In addition, local and mesoscale
forcing are quite similar at this site and local-scale sim-
ulations by STEP compare quite well with the simula-
tions by the same model over the corresponding grid
when run at the mesoscale.
d. ALMIP2 models
The 20 ALMIP2 models used in this study and the
different options employed to perform the simulations
are listed in Table 2. Although almost all models
employ the ECOCLIMAP2 database to derive soil
and vegetation characteristics, not all models use the
FIG. 4. Annual water balance components for the different ALMIP2 models in 2007.
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whole set of parameters provided, some having in-
trinsic formulations or specific data for some vari-
ables. In particular, three models were run with a
dynamic LAI formulation (CLM_CN, ORCHIDEE_
dyn, and STEP). Five models (hereafter indicated by
adding _Spec to the model acronym) have employed,
in addition to the ECOCLIMAP2 soil information,
the specific soil map prepared for the Mali site.
Precipitation and meteorological forcing are the same
for all models.
e. Methods employed for the analysis
The evaluation of the LSMs’ performances is carried
out at three different scales. Over the entire mesosite,
the spatial organization of the water balance compo-
nents is assessed by regressing annual rainfall versus
annual runoff, drainage, total runoff, evaporation,
transpiration, and ET over all grid points of the
mesosite.
At the watershed scale, runoff from the ALMIP2
models is calculated as follows. All the runoff generated
in a grid cell at least partially contained in the Agoufou
watershed (see Fig. 1) is multiplied by the fractional area
belonging to thewatershed, according to a 30-m-resolution
land-cover map derived from Landsat classification. This
weighted runoff is then transferred into the pond. At the
weekly time scale of observations, we can consider the
transfer as immediate. In contrast, to exclude contri-
butions from the grid not entirely composed of deep
sandy soils, only the grid points entirely contained in
theZ area are considered for model evaluation in zero
runoff zones.
FIG. 5. ALMIP2 multimodel mean and std dev for the different
water cycle components in 2006, 2007, and 2008.
TABLE 3. Coefficients of linear correlation between rainfall and the other water balance variables (annual values at each grid point) for
each model. Highest values for each model are indicated in boldface. The values of the slope of the linear regression between runoff and
rainfall are also reported in parentheses in the second column.
Model name
Correlation (slope)
runoff–rainfall
Correlation
drainage–
rainfall
Correlation total
runoff–rainfall
Correlation
evaporation–
rainfall
Correlation
transpiration–
rainfall
Correlation
ET–rainfall
CLASS 0.10 (0.003) 0.44 0.45 0.48 0.78 0.97
CLM_CLM4 0.94 (0.16) 0.89 0.93 0.84 0.56 0.93
CLM 0.89 (0.16) 0.90 0.92 0.39 0.42 0.92
CLM_CN 0.95 (0.17) 0.89 0.93 0.68 0.63 0.92
CLSM 0.94 (0.65) 0.18 0.94 0.51 0.33 0.84
CLSM-NASA 0.96 (0.49) 0.57 0.96 0.90 0.08 0.95
CTESSEL 0.84 (0.39) 20.37 0.84 20.34 0.63 0.89
HTESSEL 0.80 (0.30) 20.42 0.80 20.39 0.71 0.95
ISBA 0.79 (0.11) 0.48 0.61 0.39 0.74 0.92
JULES 0.65 (0.27) 0.05 0.65 0.87 0.70 0.88
LISMosaic 0.97 (0.78) 0.06 0.69 0.18 0.00 0.19
LISNoah33 0.46 (0.32) 0.48 0.69 0.21 20.01 0.15
MATSIRO 0.67 (0.24) 0.29 0.69 0.49 0.48 0.72
ORCHIDEE_dyn 0.89 (0.43) 0.45 0.94 0.35 0.65 0.86
ORCHIDEE_f 0.78 (0.43) 0.52 0.91 0.38 0.56 0.87
SETHYS 0.86 (0.18) 0.05 0.80 0.72 0.64 0.89
SiBUC 0.87 (0.63) 0.39 0.88 0.65 0.29 0.71
SPONSOR 0.97 (0.79) 20.02 0.96 0.02 0.62 0.69
STEP 0.01 (0.002) 0.13 0.13 0.75 0.54 0.93
SWAP 0.87 (0.13) 0.28 0.49 0.39 0.67 0.82
CLSM_Spec 0.94 (0.77) 0.00 0.94 0.18 0.30 0.62
ISBA_Spec 0.78 (0.11) 0.48 0.61 0.39 0.74 0.92
ORCHIDEE_f_Spec 0.57 (0.60) 0.36 0.74 0.19 0.49 0.45
SiBUC_Spec 0.76 (0.74) 0.12 0.80 0.27 0.27 0.31
STEP_Spec 0.20 (0.36) 0.05 0.23 0.14 0.41 0.32
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At the local scale, in situ measurements by eddy co-
variance methods are compared to model outputs over
the corresponding grid cell.
3. Results
a. Water balance
The different components of the annual water balance
show high variability among models (Fig. 4). For ex-
ample, for the year 2007, with annual rainfall equal to
366mm, drainage ranges from210 (in SPONSOR,which
allows capillary rise and therefore drainage negative
values) to 63mm, runoff from 0.7 to 156mm, transpira-
tion from2.5 to 158mm, evaporation from137 to 316mm,
and water storage from27.8 to 9.5mm. For the majority
of models, evaporation is the dominant water flux, al-
though for some models runoff is of the same order of
magnitude or slightly higher.
For STEP, ORCHIDEE, and SiBUC, differences in
the water balance components obtained using the
ECOCLIMAP2 versus the specific soil maps for a given
FIG. 6. Maps of annual runoff by each model in 2007. Black plus signs indicate the position of sites 17 and 40.
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model are of the same order as the intermodel differ-
ences. The impact of the soil map is much lower for
CLSM and negligible for ISBA. This is likely because
the specific soil map includes outcrop rocks where the
soil depth is assigned to zero while the shallowest total
soil layer depth accountable for in CLSM and ISBA is
20 cm, which reduces the differences between the spe-
cific soil map and ECOCLIMAP2 in these areas. In
addition, CLSM already produces a high runoff with
the original map, which cannot be further increased by
shallower soils and can be slightly decreased over
deeper soils that favor higher ET.
In general, intermodel variability is much larger
than interannual variability (Fig. 5). The effect of re-
duced precipitation in 2008 is evident on all water
fluxes that are smaller than in 2006 and 2007, but this
does not influence much the partitioning among the
water budget components (except for a slightly higher
evaporation ratio).
b. Spatial distribution of water fluxes over the
mesosite
For the majority of models, the spatial patterns in
precipitation are reflected in the spatial distribution of
the water components across the mesosite as shown by
the generally high values of correlation reported in
Table 3.
The runoff spatial distribution (Fig. 6) follows the pre-
cipitation distribution for most models. High correlations
are found when runoff or total runoff is regressed against
rainfall, except for a few models (CLASS, ISBA, JULES,
HTESSEL, and STEP) showing significantly higher
values of correlation when evaporation or ET is re-
gressed against rainfall.
However, the runoff–rainfall spatial relationship can
be quite different from onemodel to the other (see Fig. 7
and the slope values reported in Table 3). For example,
CLM and SPONSOR show high values of correlation
between runoff and rainfall but different slopes on the
runoff–rainfall graph (Fig. 7a, Table 3). Different be-
haviors are also found among models showing low
values of correlation such as, for example, CLASS and
LISNoah33 (Fig. 7b): for the latter, the runoff–rainfall
relationship follows different lines according to the dif-
ferent soil types.
The correlation between runoff and precipitation is
stronger when Hortonian runoff, the main mechanism
for runoff generation in this area, is implemented
(Table 3). In this case the precipitation dependency on
the infiltration excess formulation for runoff may mask
out the soil dependency (infiltrability). This is likely
why CLSM_Spec displays a weak sensitivity to the
specific soil map and keeps a runoff–rainfall correla-
tion as high as CLSM. In contrast, ORCHIDEE_Spec
and SiBUC_Spec show lower correlation values when
employing the specific soil map, since the runoff spa-
tial distribution (Fig. 6) becomes more related to
soil properties (see, e.g., the difference between
ORCHIDEE_f and ORCHIDEE_f_Spec in Fig. 7c).
The case of STEP is different, as it hardly produces
runoff with the ECOCLIMAP2 soil map. The specific
soil map allows runoff to occur over the shallowest
soils (Fig. 6), and the correlation increases, although
to a small extent.
As for runoff, for themajority of theALMIP2models,
the precipitation spatial structure is also translated
into the modeled ET spatial distributions (Fig. 8). An
exception is LISMosaic, which shows very low values
of ET over the central-east area because the partitioning
between ET and drainage greatly favors drainage over
these sandy soils. Also, MATSIRO shows low ET
values in grids corresponding to a high fraction of
rocks in the ECOCLIMAP2 database (see Fig. 2). The
opposite behavior is found for SETHYS, and it is
likely due to soil evaporation being favored over
runoff. When the specific soil map is employed, STEP,
ORCHIDEE_f, and, to a lesser extent, SiBUC and
CLSM show a significant reduction in ET over shallow
FIG. 7. Runoff–rainfall relationships for selected models. Annual runoff for 2007 is plotted vs annual rainfall for each grid of the
mesoscale site.
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soils as well as lower values of the spatial correlation
between rainfall and evaporation, transpiration, and ET.
c. Runoff evaluation
The range of runoff coefficients over the Agoufou
watershed for the 2006–08 period is generally higher for
the ALMIP2 models than the observed range over the
same period (Fig. 9). The majority of models greatly
overestimate annual runoff coefficients. Only fewmodels
(CLASS, STEP, SETHYS, and to a minor extent ISBA)
do not produce enough runoff water to fill the Agoufou
pond. Four out of the 20 models [Soil, Water, Atmo-
sphere, and Plant (SWAP); MATSIRO; HTESSEL; and
CTESSEL] agree with observations.
Among the models that employed the specific soil
maps, those that are sensitive to the soil description
(ORCHIDEE, SiBUC, and STEP) show higher runoff
over the Agoufou watershed when the latter map, which
accounts for coarse-textured as well as shallow soils,
is used.
Finally, annual runoff over the Agoufou watershed has
been compared to annual runoff over deep sandy soils
FIG. 8. Maps of annual ET by each ALMIP2 model in 2007. Black plus signs indicate the position of sites 17 and 40.
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(Z area in Fig. 1) that should not generate runoff at distances
exceeding the ALMIP2 grid. An example for 2007, when
rainfall over the two areas was roughly the same (302mm
over Agoufou and 285mm over the Z area), is reported in
Fig. 10. Mean annual runoff values for the ALMIP2 models
ensemble over theAgoufou watershed and the sandyZ area
are equal to 46.1 and 36.8mm, respectively, which are con-
siderably above the observed runoff values of 22.4 and 0mm,
respectively. When employing the ECOCLIMAP2 soils, all
the ALMIP2 models are approximately aligned on the
diagonal, meaning that they are unable to differentiate
between the two runoff systems typical of the study
region. This is most likely due to themissing information
on shallow soils in the forcing database (see Fig. 3).
In contrast,models employing the specific soilmaps are
farther away from the diagonal, showing more runoff
over the Agoufou watershed than over theZ area, except
for ISBA, which is not sensitive to the soil map. This is
encouraging, because it reveals that models employing
physical processes or parameterizations are capable of
generating runoff over soils that do generate high runoff
in reality. However, runoff remains generally over-
estimated, and the models’ response to the soil maps is
not always consistent. For CLSM, runoff with the specific
FIG. 9. Mean, max, and min runoff coefficients (ratio between annual runoff and annual
rainfall over the watershed) for the different ALMIP2 models over the 2006–08 period. The
horizontal red lines show the range of runoff coefficients estimated by observations over the
2000–15 period (from Gal et al. 2016).
FIG. 10. Runoff over the Agoufou watershed vs runoff over the sandy dunes area indicated by
Z in Fig. 1.
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soil map is slightly lower than with ECOCLIMAP2,
particularly over the sandyZ area: this is probably driven
by the higher soil depth over these deep sandy soils in the
specific soil map, which permits a higher ET (Fig. 6). For
SiBUC, the opposite behavior is observed with higher
runoff over sandy soils when the specific soil map is em-
ployed, which is most likely due to differences in the
loamy fraction impacting Hortonian runoff.
d. ET evaluation
As already observed, for the majority of the ALMIP2
models the precipitation spatial structure is reflected in
the ET structure (Fig. 7). This is also the case for the
GLEAM product (Fig. 11), which is based on the com-
bination of remote sensing and a land surface model, al-
though its spatial resolution is coarser. Similar values are
found for ALEXI, although the spatial patterns are
slightly different, while the MODIS ET is much lower
than the other estimates all over the mesoscale site.
Over deep sandy soils, such as local site 17 (Fig. 12,
Table 4), the seasonal evolution of ET by the ALMIP2
multimodel mean is in reasonably good agreement with
observations, although differences among models are
still quite important (Fig. 13). Water stress events, such
as those occurring at the middle of July (day of year 195)
and at the end of August 2007 (day of year 245), are well
represented by the ALMIP2 multimodel mean but also
by the individual ALMIP2 models. At the core of the
rainy season, daily ET is slightly underestimated by the
ALMIP2multimodelmean, due to a fewmodels that are
greatly underestimating evapotranspiration and show a
rather flat seasonal cycle (Fig. 13). This is not easily at-
tributable to a single cause. For example, for CTESSEL
this could be explained by a reduction in transpiration
when the carbon cycle is coupled (see the differences
between CTESSEL and HTESSEL, which have the
same LAI forcing). However, this explanation does not
hold for CLSM, which shows quite a different parti-
tioning between evaporation and transpiration, or for
LISMosaic that, as discussed previously, produces a very
high drainage over sandy soils. Some other models
(notably CLASS, ISBA, SETHYS, and SPONSOR)
overestimate ET. The fact that this also occurs at the be-
ginning of the rainy season when vegetation transpiration
FIG. 11. Maps of ET by three different remote sensing products in 2007. Black plus signs indicate the position of
sites 17 and 40.
FIG. 12. Daily ET by the ALMIP2 model (multimodel mean), the three remote sensing
products, and in situ observations over the local site 17.
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is still quite low points out the difficulties in estimating
bare soil evaporation in LSMs (Lohou et al. 2014; Grippa
et al. 2011).
GLEAM results are in agreement with the ALMIP2
multimodel mean (Fig. 12, Table 4), but the seasonal
ET evolution is smoother, which is probably an effect
of its coarser spatial resolution. In contrast, the sea-
sonal ET evolution during the wet season is strongly
underestimated by MODIS during the wet season, and
the ALEXI product underestimates the seasonal con-
trasts between the wet and dry seasons. The averaging
time scale of 7 days reduces the amplitude of varia-
tion in ALEXI ET relative to ALMIP and GLEAM
(Fig. 12), but agreement is good when the daily datasets
are averaged to weekly time steps (not shown; see
seasonal mean values reported in Table 4). TheALEXI
ET also shows some noise during the dry season, likely
related to undetected cloud contamination. Ongoing
work on improving cloud detection by incorporating
a microwave Ka-band land surface temperature (LST)
signal into the ALEXI algorithm may help to reduce
this bias (Holmes et al. 2015).
Over shallow soils, eddy covariance measurements
are only available for 2005 at site 40 (Timouk et al.
2009) and give a mean ET over the rainy season equal
to 0.90mmday21, which is much lower than the cor-
responding value of 2.34mmday21 at site 17 in 2007,
while annual rainfall was higher at site 40 in 2005 than
at site 17 in 2007. Contrarily to the other products,
ALEXI does reproduce the lower values of ET over
the shallow soils, with a mean ET of 1.33mmday21 at
site 40 during the 2007 rainy season, while the corre-
sponding ET is 2.27mmday21 for the ALMIP2
model ensemble and 2.53mmday21 for GLEAM. The
MODIS algorithm is not run over shallow soils because
LAI is not retrieved over bare soils. Although the com-
parison between observations and the other ET estima-
tions has to be made cautiously because of the different
spatial scales and the different time period involved,
ALEXI seems more consistent with observations than
GLEAM and the ALMIP2 models, which largely over-
estimate ET over shallow soils. An exception is provided
by the few ALMIP2 models that employ the information
on shallowest soils (STEP_Spec, ORCHIDEE_f_Spec,
and SiBUC_Spec) or rocks (MATSIRO) in the simula-
tion of water fluxes. The MODIS algorithm, instead, is
not run over shallow soils because LAI is not retrieved
over bare soils.
4. Discussion and conclusions
The results of the analysis of both runoff and ET by
the ALMIP2 models point out the importance of taking
into account more effectively soil properties, especially
on shallow soils and rocky surfaces, for the estimation of
water fluxes in this part of the Sahel.
For the majority of the LSMs analyzed here, simu-
lated runoff and ET are generally too constrained by
precipitation and not very dependent on soil and vege-
tation characteristics. This is in line with findings by De
Kauwe et al. (2013) regarding the simulation of soil
temperatures by the JULES model.
The ALMIP2 models have been shown to be unable to
distinguish between the two contrastedhydrological systems
typical of the study areawhenusing theECOCLIMAP2 soil
information, based on HWSD. Employing as input a soil
map that explicitly represents shallow soils improved the
representation of these two contrasted systems for the
models that can account for their representation. This
means that some models have the physical processes or
parameterizations to correctly take into account surface
hydrology over these kinds of areas, highlighting the
importance of updating existing soil maps inWest Africa.
Shallow soils have also been shown to be challenging for
ET products based on remote sensing data, even if the
ALEXI product, derived from high-resolution LST in-
puts, was able to capture the spatial variability in evap-
orative loss between sites with contrasted soil depth.
Surface runoff has been found to be generally over-
estimated byALMIP2models. Indeed, as already pointed
out by Trambauer et al. (2013), surface processes typical
of semiarid regions, such as reinfiltration throughout the
hydrologic network as well as subgrid hydrology at a finer
scale, are not explicitly represented inmostmodels, which
could explain the gap between modeled and observed
runoff. Considering a tile approach regarding land cover,
as adopted by several of the ALMIP2 models, and/or a
TOPMODEL approach for water redistribution does not
seem sufficient for this area where soil type plays a major
role in the surface hydrology.
Runoff has also been shown to be largely overestimated
over sandy soils, which, although they redistribute water
TABLE 4. Mean ET (mmday21) over the rainy and dry seasons at site 17 in 2007 by the ALMIP2 ensemble, remote sensing products, and
eddy covariance measurements (Timouk et al. 2009).
Period ALMIP2 ensemble GLEAM ALEXI MODIS Eddy covariance
Rainy season (July–September) 2.28 2.3 2.19 0.29 2.34 6 0.08
Dry season (November–December) 0.16 0.25 0.23 0.03 0.15 6 0.06
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FIG. 13. Daily ET and transpiration by eachALMIP2model (black and green lines, respectively) and in situ observations (red boxes) over
the local site 17 for 2007.
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at short distances from dune slopes to interdune de-
pressions, should infiltrate all rainfall at the spatial
scale of the ALMIP2 simulations. Over these areas, the
ALMIP2 multimodel mean has been found to re-
produce in situ measurements of ET rather well, and
generally better than the remote sensing products an-
alyzed, but important differences exist among models.
If for some models these can be attributed to differ-
ences in transpiration (that in some cases are driven by
differences in the vegetation LAI used as forcing, as
reported in Table 2), or in the partitioning between the
different water balance components, for other models,
bare soil evaporation, already pointed out as a critical
factor in the studies by Lohou et al. (2014) and Grippa
et al. (2011), remains an issue that has not been re-
solved by the passage from the regional (ALMIP1) to
the mesoscale (ALMIP2).
Deriving firm conclusions on which formulation is the
best suited to simulate water fluxes in the study area is a
challenging task, given the difficulty of attributing the
different model behaviors to the model physics, its pa-
rameterizations, and the way the entry datasets are
taken into account. In addition, there is a need for
reinforcing the acquisition of high-quality in situ mea-
surements and to sample the different landscapes typical
of the study region, which would allow a more detailed
evaluation. However, the analysis carried out in this
study highlighted some of the characteristics that need
to be taken into account to provide good simulations in
this area.
Models should be able to produce Hortonian runoff,
which is the main mechanism for runoff generation in this
area, but this should be driven by the soil characteristics in
terms of texture and soil depth. For example, the meth-
odology employed by HTESSEL with a variable in-
filtration rate that considers the integrated soil moisture
in the top 50cm was successful in simulating the runoff
on the Agoufou watershed. The simpler approach used
by STEP, with Hortonian runoff activated for soils with
loamy texture above 30%, allowed achieving good results
over the Gourma, but it may not be valid elsewhere.
Vegetation development at the subgrid level could also
play a role.
In addition, models should take into account the per-
centage of rock and gravel in the simulation of water
fluxes. ET values derived by models that do this—for ex-
ample, MATSIRO—show an important reduction over
these kinds of soils that is consistent with in situ mea-
surements and some remote sensing products.
All these processes have to be better taken into ac-
count to derive reliable estimates of water resources in
ponds and lakes as well as flood events in the Sahel.
Improving the representation of the hydrological
behavior over this kind of landscape can have important
consequences on the capability of representing gradi-
ents and discontinuities in water fluxes at the mesoscale,
which is fundamental to correctly estimate the surface
energy surface budget and its consequences on the at-
mospheric circulation.
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